The present work reproduces the room temperature ferromagnetism by doping 
Introduction:
Dilute magnetic semiconductors (DMS) are the solid solution of non-magnetic semiconductor doped with magnetic elements (Mn, Fe, Co and Ni). DMS emerges as the candidate for the potential applications in spintronic devices, in which spin of the electron plays a major role in reading and writing the information in recording medium [1, 2] . In order to search the ferromagnetic DMS for room temperature applications, Dietl et al. [3] predicted the Curie temperature (T C ) higher than room temperature for 5% Mn doped ZnO, inspite of the fact that ZnO is a well known direct band gap (3.37eV) non-magnetic (diamagnetic) semiconductor. The interest of doping magnetic element in ZnO stems from room temperature ferromagnetism (RTF) [4, 5] . Earlier reports also suggested the multifunctional properties of ZnO based DMS that can be applied in the field of semiconductor devices [6, 7] and acoustic-optical devices [8, 9] . The interesting aspect of studying such materials is to understand whether the ferromagnetism is intrinsic or extrinsic of the doping effect.
The origin of ferromagnetic ordering is still a matter of discussion for Mn doped ZnO (i.e., Mn-ZnO). The reports [10] [11] [12] [13] [14] [15] [16] indicated a wide range of magnetic ordering (ferromagnetic, antiferromagnetic, paramagnetic and spin glass) at room temperature (300 K) for Mn doped ZnO. Different views were presented in literature to realize the magnetism of ZnO based DMS. One mechanism is carrier mediated magnetism. Monte Carlo simulation [13] explained RTF in Mn doped ZnO by considering two competing indirect exchange interactions, i.e., antiferromagnetic superexchange and an oscillating carrier mediated interaction. The simulation showed that p-type Mn-ZnO (Mn up to 20%) is paramagnet for hole concentration 1x10 16 to 1x10 18 cm -3 and ferromagnet for hole concentration 1x10 19 cm -3 and above, as also predicted by Dietl et al. [3] and N.A.
Spaldin [17] . M. Ivill et al. [12] verified the enhancement of carrier mediated ferromagnetism due to co-doping effect in ZnO matrix. On the other hand, antiferromagnetism [14] or spin glass [18] or no phase transition [13] was suggested for n-type Mn doped ZnO samples. Next, the mechanism of RTF was understood in terms of
Zn vacancy in Mn-ZnO [19, 20] . There is a considerable report [15, 21] that attributed the coexisting impurity phases as the source for RTF in Mn-ZnO, other wise the single phase samples were suggested to be paramagnetic down to 5 K [22] . However, the role of secondary phase for RTF was ruled out by O.D. Jayakumar et al. [11] . They showed that RTF in Mn-ZnO nanomaterial arises due to the incorporation of Mn 2+ ions in the Zn 2+ ions matrix.
The most surprising feature is that magnetism in Mn-ZnO strongly depends on the material synthesis routes and conditions, irrespective of micron size (bulk) or nano size dimension of the particles [19, [22] [23] [24] . Hence, proper understanding of the structure and size-dependent properties are essential before applying DMS as the excellent material for next generation spintronic devices. In this case the route of material synthesis is not so much important, as much the reproducibility and stabilization of RTF is essential. Most of the DMS were synthesized following the bottom-up approach [25] . The properties of such DMS are not consistent to each other and also not free from structural defects, impurity phases and substrate effects. They need additional atmospheric environment which is not convenient for its accurate control during the material synthesis. On the other hand, top-down approaches such as mechanical milling and alloying have been recognized as the powerful tool for producing a variety of ZnO based DMS nanomaterials [26, 27] . This technique has effectively showed RTF in milled powder of Mn-ZnO, which needs further experimental works for its reproducibility and to understand structural changes and physical properties.
This paper deals with the synthesis of Zn 0.95 Mn 0.05 O samples using mechanical milling and presents the structural and magnetic aspects of the samples. Mechanical allying was applied to confirm the reproducibility of the basic properties of mechanical routed DMS material. On viewing the room temperature ferromagnetism of the samples, attempt has been made to record the ferromagnetic to paramagnetic ordering temperature and such study is less explored in literature. The experimental results will be compared with reported works and will be understood in the frame work of existing models.
Experimental

Sample preparation:
Polycrystalline 
Sample characterization and measurements
The structural study of Zn 0.95 Mn 0.05 O samples were carried out by recording the X-ray diffraction (XRD) spectrum at room temperature using X-ray diffractometer (model: X pert PANalytical). The XRD spectrum was recorded in the 2 range 10 to 90 0 with step size 0.01 0 using Cu-K ¡ radiation (wavelength 1.54056 Å). The surface morphology of the samples was investigated by scanning electron microscopy (model:
Hitachi S-3400N, Japan). The elemental compositions of the samples were carried out using Energy Dispersive analysis of X-ray (EDX) spectrum (Nortan System Six, Thermo electron corporation Instrument Super DRY II, USA). The elemental distributions of the samples were checked from the point and shoot microanalysis at ten different points and also using elemental mapping over a selected zone. The EDX spectrum of each sample was recorded at 10 various points. DC magnetization of the samples was studied as a function of magnetic field and temperature using vibrating sample magnetometer (Model:
Lakeshore 7400), attached with low temperature cryostat and high temperature oven. The temperature dependence of magnetization was carried out at 2 kOe magnetic field by increasing the temperature from 100 K to 780 K and field dependence of magnetization was investigated within ± 15 kOe at room temperature.
Experimental results
Structural study
The elemental composition (Zn, Mn, O) of the samples is confirmed from the EDX spectrum, as shown in Fig. 1(a) [16, 28] and the process is enhanced by the milling induced effect (particle size reduction and lattice strain) [29] .
The average grain size of the Zn 0.95 Mn 0.05 O samples were estimated from the 6 to 7 prominent peaks of the XRD spectrum by using the Debye-Scherrer formula, <d> Debye = [0.089x180x ¢ /3.14xβx cos C ] nm, where 2 C is the position of peak center (in degrees), ¢ is wavelength of X-ray radiation (1.54056 Å), β is the full width at the half maximum of peak height (in degrees). The 2θ C and £ values were calculated by fitting the XRD peak profile to Lorentzian shape. The variation of grain size (using Debye formula) with milling time is shown in Fig. 2 (a). The grain size of Zn 0.95 Mn 0.05 O sample slowly decreases with the increase of milling time, i.e., (<d> Debye ~ 25 nm for MH10, 21 nm for MH20, ~18 nm for MH35, ~14nm for MH60, and ~16nm for MA72 sample). The decrease of grain size may be consistent with the increased peak broadening of milled samples. The instrumental broadening and lattice strain are also expected to affect in peak broadening. Hence, Debye-Scherrer formula is not sufficient to accurately determine the grain size and lattice strain contribution. These aspects can be understood in a better way using Williamson-Hall plot, applied in other mechanical alloyed material [30, 31] . The Fig. 2 (a)). It is noted that <d> L is larger than <d> Debye , where as the grain size <d> G becomes even smaller at higher milling time than <d> Debye , although the nature of the variation with milling time is similar in all the cases. On the other hand, the initial increase of lattice strain (ε G using £ = £ G ) is followed by a slight decrease at higher milling time ( Fig.   2(b) ), where as ε L (using £ = £ L ) monotonically decreases with milling time. To extract meaningful information of XRD peak broadening due to simultaneous size and strain effects, it is assumed that Lorentzian (L) function is contributed solely due to grain size effects and Gaussian function (G) function is contributed due to lattice strain effect.
Williamson-Hall equation is
Hence, we consider <d> L and ε G as the effective grain size and lattice strain, respectively, for the samples. The <d> L and ε G for MA72 sample are noted to be nearly 40 nm and 0.4, respectively and close to the value of MH60 sample.
Further, structural information (particle size, surface morphology and spatial distribution of elementals) is studied using SEM pictures of the samples. The SEM pictures (using 200 nm to 5 ¤ m scale) of selected samples are shown in Fig. 3(a-d) . The SEM picture of bulk sample ( Fig.3 (a) (Fig. 3(b) ) shows the particle size in the range ~200 nm to ~ 435 nm. The particle size of the MH60 sample ( Fig. 3(c) ) is in the range ~100 nm to ~130 nm. The particle size of MA72 sample ( Fig. 3(d) 
Magnetic study
The room temperature (300 K) ferromagnetism in Zn 0.95 Mn 0.05 O samples is confirmed from the magnetization (M) vs. applied field (H) curves (Fig. 5) . First, we confirm the diamagnetism (negative slope in M(H) data) for bulk ZnO sample (inset of The ferromagnetic ordering of Zn 0.95 Mn 0.05 O samples below and above of room temperature is investigated from the temperature (100 K to 800 K) dependence of dc magnetization curves at 2 kOe (Fig. 8) . DC magnetization of the samples decreased continuously when the temperature increases up to the ferromagnetic to paramagnetic transition temperature (T C ), as indicated by arrow for each sample. The T C of Mn-ZnO bulk sample ∼ 500 K is higher in comparison with the reported value ∼380 K [35] and may be comparable to the predicted value above 425 K [10] . The typical M(T) behaviour with a slight up curvature at lower temperature indicates the coexistence of paramagnetic contribution with ferromagnetism [36] . The M(T) shape is completely changed for milled samples (down curvature), indicating the appearance of dominant ferromagnetic order. It is highly remarkable that T C of the material is enhanced (∼ 595 K, 605 K, 620 K and 640 K for MH10, MH20, MH35 and MH60 samples, respectively) in the mechanical milled nanoparticle samples. The above experimental results (enhanced ferromagnetic moment and ordering temperature) are supportive to the earlier reports that ferromagnetism in doped DMS is strongly affected by disorder, which increases T C of the material [37, 38] .
The enhancement of T C on the particle size reduction by mechanical route is different in comparison with a few preliminary reports that suggested the decrease of T C in chemical routed nanoparticle sample [35] . It is worthy to mention that surface magnetism (also magnetic ordering) of mechanical milled samples and chemical routes samples can not be compared [39] , as attempted in some report [21] . The ferromagnetic order above room temperature is also reproduced in the present work for MA72 sample with T C ∼ 615 K.
Discussions
Based on our experimental results of mechanical milled samples, the XRD spectra do not show any detectable additional phase at room temperature. The additional phase is well pronounced in the XRD spectrum of the same compound in those reports, where RTF was attributed due to impurity phase: like Zn x Mn 3-x O 4 [15, 21, 23, 40] . It may be mentioned that Zn x Mn 3-x O 4 like spinel phase is paramagnetic at room temperature [41] .
In those reports the starting materials were MnO 2 and ZnO. Similar starting materials were used in previously reported mechanical milled Mn-ZnO compounds [33, 34, 42, 43] and different features were noted at room temperature. In our case, the mechanical alloyed samples (started with raw ZnO and MnO powders) also reproduced the structural phase purity and room temperature magnetism (RTF), as observed for milled samples.
Hence, the effect of additional phases is not applied for the present samples. The present study shows that mechanical milling and alloying technique is much more effective in producing the nanomaterials of DMS in the sense that it excludes the complexity and phase destabilization related to the high temperature annealing effects [15, 21, 23] . The role of impurity during milling process in producing the RTF is also ruled out, as the contamination (Si) is minor (below 1 atomic %) and non-magnetic. Although some recent report [44] suggested the appearance of magnetic signal in ZnO crystal due to Ar (1 to   2x10 17 Ar/cm 2 ) implantation, but the magnetic moment in the present samples is more than 100 times stronger than that observed due to high dose Ar implantation. The RTF in
Mn-ZnO samples, prepared under different atmospheres [24, 33, 34] , suggests the inconclusive role of any specific atmosphere for exhibiting RTF. The effect of Ar atmosphere during mechanical milling is believed to be not significant for the observed RTF and its existence up to 640 K in our samples. The minor role of the impurity phase and atmospheric condition, if effective at al, can be treated as the additional disorder of nanoparticles. Hence, the basic origin of RTF in transition metal doped ZnO is something else, which is not clear till date. Now, we proceed to understand the observed RTF in the presented samples. The
Mn-ZnO bulk sample exhibited an unconventional M(H,T) feature, which is viewed as consisting of ferromagnetic order superimposed with a strong paramagnetic contribution.
The result is supportive to the theoretical prediction of room temperature paramagnetism and ferromagnetism for p-type Mn-ZnO [3, 10, 13, 20] . The room temperature M(H) of bulk sample is resemble to the modulated magnetic order appeared due to the diffusion of (high magnetic moment) Fe atoms (from Fe 2 O 3 canted ferromagnet) into the sites of (low magnetic moment) Cr atoms (from Cr 2 O 3 paramagnet at 300 K) [30] of rhombohedral (hexagonal) lattice structure. This cationic (Fe 3+ and Cr 3+ ) diffusion process can be compared to the diffusion of Mn 2+ ions into Zn 2+ sites [11, 24] . For the sake of argument, if there is no diffusion among Mn and Zn before and after forming the bulk compound, then only paramagnetic response was expected. But, the M(H) shape of bulk sample is completely different from the mixture of 95%ZnO and 5% MnO. This experimental data definitely indicate the introduction (alloying) of Mn atoms into Zn sites and confirmed in other reports [11] . The alloy formation is checked from XRD data and a good homogeneity of elemental distribution is seen from the EDX spectrum. The lattice expansion in nanoparticle samples, arises due to shell disorder [29] and strain induced anisotropy [39] , is favourable for the enhanced ferromagnetic interactions [20, 32, 37, 46] among the (core-shell) interfacial Mn atoms. This increases the effective number of ferromagnetic Mn atoms in the shell and the moment per Mn atom in the nanoparticle samples. It may be mentioned that EDX spectrum is taken in the micron scale and the local distribution of cations is averaged out in that spectrum. Hence, the cation vacancies at the atomic scale may not be reflected in the EDX spectrum. The disorder (cation vacancy and other lattice defects) in shell structure can promote the required number of hole carriers, as predicted for carrier mediated ferromagnetism in Mn doped ZnO [3, 10, 13] . It is unlike in our samples that (95%) Zn atoms diffuses into the surface of (5%) MnO 2 particles and double exchange type mechanism is responsible for RTF in Mn doped ZnO [34, 40, 42] , because double exchange mechanism has shown the maximum T C in perovskite compound up to 370 K [46] , where as the T C in our samples is up to 640 K. J.M.D. Coey [47] proposed that lattice defects can be favourable for the enhanced long range ferromagnetic ordering of magnetic moments. From the present study, we believe that the (core-shell) interfacial disorder of nanoparticles strongly affects the diffusion of Mn atoms into the lattices of Zn. The disorders in shell might be able to produce the impurity band that can mediate a long range ferromagnetic ordering of the Mn moments [19] . On the other hand, ferromagnetism with T C up to 620 K was noted in 
Conclusion
The mechanical milling and alloying is capable of producing nanoparticles of It is anticipated that such challenging problem could be taken care by many theoretical models and experimental works in future.
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